A B S T R A C T We studied the conditioning effects ofchronic infusion of dobutamine and exercise training in three groups of chronically instrumented dogs. One group was infused with normal saline, a second group was infused with dobutamine (40 ,ug/kg per min), and the third group was exercised on a treadmill at 4 mph, up a 100 incline. Each group was either infused or exercised for 2 h a day, 5 d a week for 5 consecutive wk. Resting heart rate and arterial blood lactate concentration, measured at weekly intervals, decreased progressively in the dobutamine and exercise groups, but not in the group that received normal saline infusion. Cardiovascular responses to submaximal treadmill exercise were not changed by 5 wk of normal saline infusion. However, the increases in heart rate, cardiac output, mean aortic blood pressure, arterial blood lactate, plasma renin activity, and norepinephrine concentration during exercise were significantly smaller after 5 wk of conditioning with either dobutamine or exercise training. After conditioning, the increases in arteriovenous oxygen difference during exercise were larger in the latter two groups, but the increases in total body oxygen consumption did not differ before and after conditioning.
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To assess ventricular function, we intravenously infused methoxamine both before and after conditioning. The slope of the line that related systolic aortic blood pressure and mean left atrial pressure increased in the animals conditioned with either dobutamine or exercise, indicating enhanced myocardial contractility. Left ventricular blood flow was lower in these two groups of animals than it was in the normal saline group. Left ventricular weight did not differ among the three groups.
Our results show that chronic infusion of dobutamine produced cardiovascular and metabolic conditioning effects like those produced by exercise training, and further suggest that sympathetic stimulation during exercise plays a role in physical conditioning.
INTRODUCTION
Prolonged physical exercise produces a variety of biochemical and cardiovascular changes in man. These adaptive changes, known as physical conditioning, include a decrease in resting heart rate (1, 2), and increases in skeletal muscle mitochondrial enzymes (3) , maximum exercise oxygen consumption (1) (2) (3) , and myocardial contractility (1, 4) . The increase in maximum oxygen consumption probably is accounted for by the enhanced capacity of skeletal muscle to extract oxygen as well as by the increase in oxygen delivery. Lower levels of blood and skeletal muscle lactate are also observed in trained subjects, both at rest and during exercise (3) . As a result, a trained individual is able to respond to the same work load with less effort and to achieve a higher maximum work load than a sedentary person. The hemodynamic and metabolic changes that occur during muscular exercise are well-known (5), and many of them are caused by sympathetic stimulation (5-7). It is, however, not known what role sympathetic stimulation plays in the development of the physical conditioning response. A preliminary report (8) showed that repetitive stimulation with the sympathomimetic drug, dobutamine, caused a conditioning response in dogs with coronary arterial narrowing such that there was a decrease in resting heart rate and an apparent increase in myocardial contractility. Dobutamine is a new synthetic catecholamine which, when infused intravenously, elicits increases in heart rate, myocardial contractility, arterial blood pressure, and coronary and skeletal muscle blood flows that resemble the effects of exercise. Unlike the naturally occurring catecholamines (dopamine, norepinephrine, and epinephrine), dobutamine has little a-adrenergic action, consequently dobutamine cannot readily induce rises in blood pressure greater than those induced by exercise. Yet, unlike isoproterenol, dobutamine does not have so much f3-adrenergic vasodilatory activity that it lowers arterial blood pressure. Also, dobutamine is less likely to cause arrhythmias or myocardial necrosis than are the naturally occurring catecholamines or isoproterenol (9, 10, data on file at the Lilly Research Laboratories).
The purpose of this study was to compare the conditioning effects of chronic dobutamine infusion and exercise in normal dogs. Our results show that chronic dobutamine infusion produced cardiovascular and metabolic changes like physical conditioning, and suggest that sympathetic stimulation may play a major role in conditioning.
METHODS
Pure-bred adult beagles that weighed between 8.6 and 15.0 kg were used. They were screened for their ability to run on a treadmill at 4 mph up a 100 incline; only those dogs that were free of heart worm infestation and that would run without coercion for more than 20 min were chosen for the study. The animals were housed in individual cages for 1 wk before they were anesthetized with pentobarbital sodium (25 resting and exercise values in Results. In addition, aortic and pulmonary artery blood samples were taken during the resting period and after 15 min of treadmill exercise to measure oxygen content by gas chromatography (11) . Simultaneously, aortic blood samples were obtained to measure pH, Po2, and Pco2 on a Radiometer PHM 71 acid base analyzer (Rainin Instrument Co. Inc., Wobum, Mass.), and to measure lactate (12) , pyruvate (13) , plasma renin activity (14) , and norepinephrine (15) . Total body oxygen consumption was calculated from the equation of cardiac output times the difference between aortic and pulmonary arterial blood oxygen contents (arteriovenous oxygen difference).
1 h after the treadmill exercise, we placed the animal in a prone position and continuously monitored aortic and left atrial blood pressures as ventricular afterload was elevated with methoxamine hydrochloride (Vasoxyl, Burroughs Wellcome Co., Research Triangle Park, North Carolina). The peak systolic aortic blood pressures were then plotted against left atrial pressures to construct a left ventricular function curve. Methoxamine is a pure a-adrenergic agonist, which produces peripheral vasoconstriction and has no direct effect on the heart (16). It was diluted in normal saline to a concentration of 0.33 mg/ml, and infused into a peripheral vein at successively increasing rates of 0. 19, 0.38, and 0.78 ml/min, with a Harvard infusion pump. The infusion was stopped when the systolic aortic pressure reached 225 mm Hg or when the aortic blood pressure achieved a plateau at the highest dose of methoxamine. At the end of methoxamine infusion, 5 mg of phentolamine mesylate (Regitine, CIBA-Geigy Corp., Pharmaceuticals Div., Summit, N. J.) was administered to reverse the effects of methoxamine and the dog was returned to the cage.
The dogs were divided into three groups the day after the initial treadmill exercise test and methoxamine infusion. Two of the groups remained sedentary and were infused with normal saline or dobutamine (40 .ug/kg per min; Dobutrex, Eli Lilly & Co., Indianapolis, Indiana) at a rate of 0.38 ml/min with a Harvard infusion pump for 2 h a day, 5 d a week for 5 consecutive wk. The third group was exercised on the treadmill at 4 mph up a 100 incline for the same intervals of time as the two other groups that received infusions. Resting heart rate, aortic blood pressure, and arterial lactate concentration were determined at weekly intervals. 24 h after the end of the 5-wk infusion or exercise period, the animal was restudied with treadmill exercise and methoxamine infusion. In addition to the hemodynamic and metabolic parameters mentioned above, left ventricular blood flow was measured at rest before treadmill exercise by a modification (17) of the radioactive microsphere method of Rudolph and Heymann (18) . 450,000 microspheres, 15±3 ,um in diameter, and labeled with cerium 141 at a specific activity of 10 mCi/g, were injected into the left atrium via the atrial catheter. This was immediately flushed with 10 ml of normal saline over a 30-s period. Arterial reference blood was withdrawn with a Harvard pump at a rate of7.75 ml/min, beginning 10 s before the injection of microspheres and continuing for 80 s thereafter. At the end of the experiment, the animal was sacrificed with pentobarbital sodium and the heart excised. The left ventricle including its septum was dissected out, rinsed, weighed, and then ashed. (17) .
The data were treated with parametric statistics; values reported in Results are means±SE. Analysis of variance was used to determine the significance of differences among the three groups of experimental animals, whereas Student's t test for paired comparisons was used to determine the statistical significance of a difference between two means in the same group. The weekly measurements of resting heart rate, aortic blood pressure, and arterial lactate concentration in the three groups, however, were treated with twoway analysis of variance for independent groups with trend analysis (19) , and the significance of the differences between control and experimental values was determined by Dunnett's test (20) . The difference was considered significant ifP < 0.05. Linear regression analysis was used to determine the relationship between systolic aortic and left atrial blood pressures obtained during methoxamine infusion.
RESULTS
18 dogs completed the 5-wk course of treadmill exercise or infusion of normal saline or dobutamine. There were six dogs in each group. All animals appeared healthy during the course of experiments; body weights did not change significantly in any of the groups (Table  I) . Resting heart rate and arterial lactate concentration decreased gradually during the 5-week period in the groups of animals with dobutamine infusion and treadmill exercise (Fig. 1 sure, and heart rate were similar among the three groups (Table I) . Stroke volume did not change significantly during exercise in the groups subsequently infused with normal saline or dobutamine, but in the group subsequently conditioned with exercise it increased slightly. Fig. 1 , the resting heart rate decreased at week 5 in the groups of dogs with dobutamine infusion and exercise training. The average values of resting stroke volume increased in the latter two groups at week 5, but these changes did not reach statistical significance.
Repeat treadmill exercise at week 5 increased total body oxygen consumption to 413+44, 457+29, and 390+25 ml/min, in the normal saline, dobutamine, and exercise groups, respectively. The increases were indistinguishable from those that occurred during the initial treadmill exercise. Also in the normal saline group, the increases in cardiac output, mean aortic blood pressure, heart rate, and arteriovenous oxygen difference (from 41+4 to 68±5 ml/liter, P < 0.01) during treadmill exercise at week 5 were the same as those that occurred at week 0. In contrast, at week 5 the increases in cardiac output, mean aortic blood pressure, and heart rate during exercise were smaller than at week 0 in the dobutamine and exercise groups (Table I). The arteriovenous oxygen difference during exercise at week 5 (87±7 ml/liter) was larger than at week 0 (67±4 ml/liter, P < 0.01) in the dobutamine group. Similarly in the exercise group, the smaller increase in cardiac output during treadmill exercise at week 5 was associated with a larger arteriovenous oxygen difference (Fig. 2) . Metabolic and hormonal responses to treadmill exercise. Treadmill exercise increased arterial blood pH from 7.41±0.01 to 7.47±0.03 (P <0.01) and decreased Pco2 from 35±1 to 28±2 mm Hg (P < 0.01), but did not affect Po2 (90±3 to 91±2 mm Hg) in the normal saline group. Similar pH and Pco2 changes Table I. occurred in the other two groups during both the initial and final treadmill exercise. Table II shows that treadmill exercise increased arterial blood lactate, lactate: pyruvate ratio, plasma renin activity, and norepinephrine concentration. These metabolic and hormonal responses to initial exercise at week 0 were similar in all three groups. At week 5, the arterial blood lactate concentration, plasma renin activity, and norepinephrine concentration at rest were all significantly lower than before in the dobutamine group. The resting values of arterial blood lactate and plasma norepinephrine concentrations also decreased at week 5 in the exercise group. Furthermore, dobutamine infusion and exercise training reduced the increases in blood lactate, plasma renin activity, and norepinephrine concentration that occurred during treadmill exercise at week 5. The increase in blood lactate:pyruvate ratio during exercise was also smaller at week 5 as compared to week 0 in the dobutamine group. In contrast, none of these measurements changed significantly in the normal saline group. Methoxamine infusion. Methoxamine infusion increased aortic and left atrial pressures, and decreased heart rate in all animals. Left atrial pressure did not differ between the week 0 and week 5 studies before methoxamine infusion. It increased maximally to 25 mm Hg during methoxamine infusion, which, as indicated by left atrial phasic pressure contours, did not cause mitral regurgitation. In addition, the decreased levels of heart rate during methoxamine infusion were comparable in the normal saline, dobutamine, and exercise groups. At week 5, the values of heart rate at the end of methoxamine infusion were 63±6, 57±4, and 61±3 beats/min in the three experimental groups, respectively.
Left ventricular function curves were constructed in each dog by plotting systolic aortic blood pressure against either mean left atrial pressure or the logarithm of the mean left atrial pressure. Analysis of variance shows that the two methods yielded F values of 161.2 ±22.6 and 112.8±19.8, respectively (n = 36). Because the logarithmic transformation of mean left atrial pressure does not reduce the variance for the linear regression, only results of the former method are reported. The slope of the line relating systolic aortic blood pressure and mean left atrial pressure was computed for each dog and is termed the "left ventricular function index." This index did not differ significantly among the three experimental groups at week 0. At week 5, it increased significantly in the dobutamine and exercise groups (Fig. 3) . In contrast, it did not change significantly in the normal saline group.
Left ventricular tweights and blood flows. At autopsy, left ventricular weight did not differ among the three experimental groups (Table III) . Left Values are mean+SE; n = 6 in each group. * Values that are statistically different from that in the normal saline group at P < 0.05, as determined by Dunnett's test (20) .
oxygen difference was larger in the two groups at week 5 than week 0. Myocardial contractility, as determined by left ventricular function index, also increased. None of these changes occurred in the animals that received normal saline infusion. Furthermore, left ventricular blood flow was lower in the dobutamine and exercise groups than in the normal saline group. These differences in myocardial blood flow among the groups might be explained in part by their variations in heart rate.
A slower resting heart rate and cardiac hypertrophy are two of the characteristic findings after physical training (1, 2) . The increase in cardiac size occurred in rats after daily exercise 1 h a day for 10 consecutive wk, but did not occur in rats after intermittent exercise twice a week for 10 wk (22) . Left ventricular wall thickness was reported to increase in dogs after 12 wk of treadmill exercise 1 h a day, 5 d a week, but left ventricular end-diastolic volume did not increase (23) . In our study with a 5-wk treadmill exercise program, left ventricular weight did not increase. Left ventricular weights also did not increase in dogs after an 8-to 10-wk treadmill running program (24) . Likewise, daily dobutamine infusion for 5 wk did not increase left ventricular weight (Table III) . Heart to body weight ratio, nevertheless, has been shown to increase after an 18-wk infusion of dobutamine (8) .
In this study, the reduced concentration of plasma norepinephrine suggests that dobutamine infusion and exercise training diminished the endogenous release of norepinephrine. Decreased sympathetic activity may be responsible for the reduced plasma renin activity during treadmill exercise in these two groups of animals. It also may account for the reduced heart rate both at rest and during treadmill exercise. This is in accord with decrease in cardiac catecholamine content (25) and a smaller increase in coronary sinus catecholamine concentration during exercise in physically trained subjects (26) . Our results, however, do not exclude the possibility that the relative bradycardia may also be caused by an enhanced vagal tone or a decreased sensitivity of adrenergic receptors. Both of these mechanisms have been postulated to explain the bradycardia produced by physical training (4, 27, 28) .
The increases in heart rate, mean aortic blood pressure, and cardiac output observed during the standardized submaximal exercise were smaller after 5 wk of dobutamine infusion and treadmill exercise (Table I) . Although these changes might be explained in part by the reduced sympath-etic activity in these two groups of animals (Table II) , they could also be causally related to the biochemical adaptations of skeletal muscle (3, 29, 30) . It has been shown in man (31) that the characteristic reduction in heart rate response to exercise is seen only if the exercise involves the trained muscle group. The reduction in heart rate obtained by training of one muscle group cannot be transferred to work performed with untrained muscle groups.
In our experiments with methoxamine infusion, left atrial pressure was related to the systolic aortic pressure. This ventricular pressure-function curve (32) is a valid index of left ventricular contractility if there is no change in left ventricular compliance. Physical training does not alter left ventricular compliance (33) . Thus, the increase in the slope of the pressure-function curve (left ventricular function index in Fig. 3 ) could be used to indicate that myocardial contractility increased in the dobutamine and exercise groups. Other investigators have shown that the mechanical performance of the heart is improved in physically conditioned animals (4, 33, 34) , but the biochemical adaptation in cardiac muscle responsible 'for the increase in myocardial contractility has not been fully elucidated (1, 24, 35) .
This study further suggests that the conditioning effects produced by physical training may be caused by exer'cise-induced sympathetic stimulation. This is supported by the findings that prolonged infusion of norepinephrine not only produced myocardial hypertrophy (36) , but also enhanced myocardial contractility in dogs (37) , and that immunologic sympathectomy abolished the increase in heart to body weight ratio produced by chronic exercise in rats (38) . In addition, like physical training, repeated injections of catecholamines cause an increased sensitivity to the metabolic effects of norepinephrine (39) , which probably is responsible for the enhanced lipid oxidation in trained subjects during exercise (40) . Finally, dobutamine is less likely than are the naturally occurring catecholamines to cause dangerous changes in cardiac rhythm or arterial blood pressure, or to induce myocardial necrosis (9, 10 , data on file at the Lilly Research Laboratories). Further experiments are needed to study the potential use of dobutamine infusion as an alternative approach to exercise for patients, who for various reasons must remain physically inactive, to achieve conditioning effects.
